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Abstract: Optical coherence tomography (OCT) is a growing imaging technique for real-
time early diagnosis of digestive system diseases. As with other well-established medical
imaging modalities, OCT requires validated imaging performance and standardized test methods
for performance assessment. A major limitation in the development and testing of new
imaging technologies is the lack of models for simultaneous clinical procedure emulation and
characterization of healthy and diseased tissues. Currently, the former can be tested in large
animal models and the latter can be tested in small animal disease models or excised human
biopsy samples. In this study, a 23 cm by 23 cm optical phantom was developed to mimic the
thickness and near-infrared optical properties of each anatomical layer of a human colon, as well
as the surface topography of colorectal polyps and visual appearance compatible with white light
endoscopy.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

According to the World Health Organization, colorectal cancer is the third most common cancer
worldwide and is responsible for the second largest number of cancer deaths [1]. Endoscopic
methods used to diagnose different types of colorectal diseases have difficulties in recognition
of early neoplasia such as dysplasia and cancer in situ, and there is a need for development of
novel advanced imaging methods. One such method is optical coherence tomography (OCT),
a non-invasive optical imaging technology based on the principle of interferometry [2]. OCT
provides cross-sectional images of internal tissue architecture with micrometer resolution, suitable
for identification of tissue changes in the digestive system. In combination with white light
endoscopy, it can be applied for real time diagnosis [3]. This can potentially decrease the cost
and duration of patient care by excluding time-consuming processes like biopsy and pathological
tests.
So far, in the digestive system, OCT has been most successfully applied for diagnosis of

Barrett’s esophagus [3]. Due to its high resolution, it is possible to differentiate OCT images of
dysplastic mucosa from OCT images of nondysplastic mucosa. OCT characteristics of dysplasia
are universal throughout the digestive system [4], which makes it highly prospective for colorectal
pathologies diagnosis. OCT was tested as a possible tool for in vivo endoscopic differential
diagnosis of colon polyps and assessing the need for their removal during colonoscopy [5–10].

Microscopic diagnosis of colorectal cancer with a complex geometry requires development of
novel catheter designs for exploration of large areas of a colon, as well as verification during
device development process before in vivo validation. To accelerate the development of such
devices an appropriate testing model for verification of the system imaging performance and
its feasibility for the clinical use is necessary. A variety of in vivo models have been used in
pre-clinical cancer studies including the development of genetically modified rodents for the

#402081 https://doi.org/10.1364/BOE.402081
Journal © 2021 Received 7 Jul 2020; revised 17 Sep 2020; accepted 22 Sep 2020; published 20 Jan 2021

https://orcid.org/0000-0002-4617-2671
https://doi.org/10.1364/OA_License_v1
https://crossmark.crossref.org/dialog/?doi=10.1364/BOE.402081&amp;domain=pdf&amp;date_stamp=2021-01-20


Research Article Vol. 12, No. 2 / 1 February 2021 / Biomedical Optics Express 956

use of OCT alone or in combination with fluorescence imaging [11–15]. Large animal models
are superior in many aspects before a successful clinical translation as they have geometry and
anatomy much closer to human in comparison to small animal models [16]. The limitation of
large animal model use is the huge cost of disease development, caused in part by high housing
and maintance costs. In addition, a common problem for both small and large animal models is
variation between animals, which makes it difficult to test reproducibility of a device.

To solve these problems, tissue and organ mimicking optical phantoms can potentially be
applied and provide the opportunity to evaluate the performance of optical and spectroscopic
instruments under controlled experimental conditions [4]. Such phantoms are an equivalent of an
artificial tissue with well-controlled optical properties, which still must be specified according
to the required anatomy of an organ of interest. A number of papers focused on quantitative
studies of biological tissue optical properties provide mathematical and experimental framework
for manufacturing and characterization/calibration of the optical properties of the phantoms
[17–19]. A variety of materials and methods for producing optical phantoms with known or
verifiable properties has already been published [4,20–26]. Tissue-mimicking phantoms have
been produced using liquid media, and solid organic compounds such as gelatin, fibrin and agar
[4,20]. These organic compounds have a limited shelf life (on the order of days) before they
degrade and are not directly verifiable for the optical properties. The most common matrix
materials in which the particles are suspended are: polyvinylchloride-plastisol [27], polyurethane
and polyester resin [28] and silicone [4,22].
Silicone (PDMS) is a convenient base material for phantom fabrication. It provides ready

compatibility with a wide range of suitable scatterers for adjustment of the optical properties.
Even though PDMS does not have sufficient elasticity to mimic tissue stiffness phantoms, it
allows for wrapping to mimic different shapes. PDMS is transparent in the VIS-NIR, and has a
refractive index of 1.4, which is close to biotissue ranging from 1.35 to 1.55 [19].
Another prospective material with unique optical and highly viscous properties is a commer-

cially available silicone-based liquid polymer, Dragon Skin (Smooth-On Inc.). Dragon Skin,
which also has a refractive index of 1.4, has been used [4] to fabricate a 3D bladder phantom that
simultaneously mimics healthy bladder tissue and its pathologies ranging from pre-cancerous
dysplasia to muscle-invasive cancer.
The solid phantoms made of silicone-based materials have long term optical stability and

greater shaping flexibility [29]. Their optical properties are controlled by the concentration of
mixed absorber and scatterer. The solid phantoms usually have low absorption coefficients but
relatively high scattering coefficients. The scattering objects are usually limited to aluminum
oxide (Al2O3), titanium dioxide (TiO2) and silicon dioxide (SiO2), polyester, polystyrene or latex
microspheres.
There are also particle-free phantoms, with intrinsic scattering. Some phantoms fabricated

this way use collagen, agarose, or even fibrin matrix [30] to encapsulate scattering intralipid
solution or glycerol [31]. However, a drawback of such phantoms with intrinsic scattering lies
in their short lifetime and reduced possibilities for introducing structures and creating multiple
layers [32,33].

All anatomical layers of normal colonic tissue, such as mucosa and submucosa tissue, can be
recognized in OCT images [34], while there is no evidence of any layered structures in the case
of pathological tissue [35]. Thus, it is necessary to fabricate phantoms of organs with layered
structures and mimic the optical properties of each tissue layer. Such phantoms have already
been fabricated for other organs, including retina-mimicking phantoms developed to assess OCT
image quality and software accuracy [36]. In our previous study, PDMS/TiO2-based layered
healthy colon tissue phantom was demonstrated [37]. Each layer was designed to emulate the
optical properties, namely scattering, and the thickness of the corresponding anatomical layer.
OCT tubular phantoms mimicking blood vessels [38] and irregular-shaped organ phantoms such
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as the bladder with included different stages of cancer were previously published [4,39]. Other
phantoms have been developed to perform image analysis [29], to characterize the resolution
of systems [40], and to mimic tissue optical properties with biological contrast agents [30]. A
fabrication technique has also recently been presented to mimic complex structures in flat tissues
[20].

In this study, a PDMS/TiO2 and Dragon Skin based phantom was developed and fabricated to
mimic a 23 cm long section of human colon with layered healthy tissue and inserted benign and
malignant colorectal lesions to accelerate development of novel optical imaging technologies.
The multi-layered thin structure with an area of 529 cm2 was achieved using a simple volume
control method and superficial lesions were created using VeroWhite 3D-printed molds. The
human colon optical phantom with colorectal cancer was developed with the following criteria:
1) realized full circumference geometry in three dimensions, 2) customizable material and
optical properties, 3) mounting system allowing placement of lesions in various locations in the
bench-top colon model (plastic or tissue) and removal using standard endoscopic tools, 4) visual
appearance compatible with white light endoscopic imaging, and 5) long term stability.

The fabrication process involves layer-by-layer application of TiO2 particle-embedded silicone
films, with layer thickness controlled using material volume, followed by modification of the
surface topography. To test the precision of the thickness control method using material volume
the thickness distribution of layers wasmeasured in a randomly selected regionsmimicking healthy
tissue using a bench-top OCT system and calculated using 3D-mapping algorithm. Endoscopic
OCT imaging was performed inside the phantom using white-light flexible endoscopy. The
phantom was used to quantify image quality of the OCT data obtained with a custom built
endoscopic OCT system.

2. Methods

2.1. Ex vivo swine bowel imaging

A swept source OCT system built around a commercially available OCT engine (Axsun
Technology) was used for imaging of excised swine bowel tissue and testing of optical properties
of the developed phantom. The broadband laser source, centered at 1310 nm, provides tissue
penetration of up to 1mm with an axial resolution of 5.6 µm, and repetition rate of 100 kHz. For
tissue imaging a bench-top mode with a galvo-scanner head and a lateral resolution of 25 µm
was used. For modeling of attenuation of a bowel tissue, 50 OCT B-scan images of the various
regions of healthy swine bowel tissue were used to measure the thickness of each layer.

2.2. Phantom manufacturing

To realize full geometry in three dimensions of the healthy tissue wall, the phantom is comprised
of a silicone elastomer polydimethylsiloxane (PDMS) matrix and TiO2 (Titanium (IV) oxide,
98%, anatase powder, Acros Organic). The PDMS (Sylgard 184, Dow Corning, USA) is a two
component organic silicone, which cures at room temperature over 48 hours and remains flexible
to allow for wrapping of the phantom. Heating effectively reduces curing time to minutes and
allows for creation of complex, multilayer systems with internal structures. The biotissues usually
have scattering coefficients that are two to three orders of magnitude higher than the absorption
coefficients [20]. Since the phantom is developed for OCT working in the near-infrared range,
we decided not to use nigrosine (usually used as an absorber), which has a much smaller impact
on optical properties than TiO2 introduced scattering in this wavelength range. To design the
layered architecture of the healthy tissue (Fig. 1) we used previously published measurements
showing an average thickness of human mucosa, submucosa and muscle layer to be 500± 100
µm, 250± 50 µm and 500± 100 µm, respectively [8,41].
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Fig. 1. (a) Schematic representation of design inputs for surface geometry and inner tissue
architecture for most frequent tissue types [42]; Endoscopic image of (b) pedunculated
polyp and (c) sessile polyp adapted with permission from [44]; CAD drawings of a mold for
pedunculated polyp (d) and sessile polyp (e) phantom.

Polyp phantoms were made of highly viscous silicone-based two-part polymer DragonSkin. It
is usually prepared by mixing parts in a 1:1 ratio by weight and is available in a variety of cure
times ranging from 30 minutes to 16 hours. The fastest-curing Dragon Skin, FX-Pro, has been
used for fabrication of the phantom in this study. Colorectal lesions most typically present in the
colon are polyps of two types: pedunculated and sessile [42]. The required shapes of phantom
polyps (Fig. 1) were established based on the official classification of lesions in the digestive
system, that is used by gastroenterologists to diagnose diseases [43].
To mimic the aspect of dysplastic tissue glycerol material was used. Glycerol is a viscous

transparent in the VIS-NIR wavelength range liquid. It is used primarily as an optical clearing
agent [45], but it has also been used as a matrix material for liquid, particle-based phantoms
[46]. This mixture creates an emulsion which is stable after curing and forms bubbles that mimic
dysplastic glands of the adenoma polyps. The sessile polyps, which are low, dome like structures,
were developed using a single mold (Fig. 1(e)). It was first filled out with the Dragon Skin and
glycerol mixture and then a small neodymium magnet was submerged just below the surface
before curing. The pedunculated polyps, which have a tree-like structure were developed using a
two part mold to enable removal of the polyp (Fig. 1(d)).
In this work we combine various manufacturing methods and materials in order to develop

a fast method of phantom fabrication The phantom is designed as stable and flexible with the
possible introduction of structural inhomogeneities. The fabrication process is shown in Fig. 2.
and is described in detail in the step by step procedure below:
Steps 1–3: In the first three steps a normal colon wall was manufactured, comprising muscle

layer, submucosa and mucosa. For each layer a required amount of TiO2 (1.2mg/mL for mucosa,
10mg/mL for submucosa and 2.2mg/mL for muscle layer) was added to the curing agent in the
graduated tube and stirred for 30 seconds, using the spatula. It was then mixed together with the
second components of PDMS according to the manufacturers’ advised quantities of 10:1 parts
by volume, a ratio of the base PDMS material to the curing agent volumes. Air was evacuated
from the mixture in a vacuum chamber. The mixture was poured into a rectangular (23×23 cm)
aluminum mold. The required layer thickness was controlled by a volume amount calculated
using the size of the mold. Each layer was heated to 80°C for 60 minutes to solidify it before
adding the next layer. During PDMS solidification in the mold, the phantom slightly wraps at the
edges.
Steps 4-5: To imitate neoplastic, flat (invasive) lesions, a small circular piece of layered

structure was cut using a scalpel and removed. The lesion gap was filled with a high concentration
mixture (over 1% wt) of TiO2 in PDMS.
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Fig. 2. Process diagram for the fabrication of a colon phantom with flat cancerous lesion,
pedunculated and sessile polyps.

Step 6: For a superficial hyperplastic polyp phantom a drop of PDMS/TiO2 mixture mimicking
the mucosa layer was used, to mimic a nonneoplastic mucosal growth. The drop was polymerized
at room temperature.

Step 7: To manufacture the pedunculated and sessile polyps, first phantommolds were designed
in 3D CAD software (PTC Creo) and 3D printed in VeroWhite resin (Connex 350, Stratasys)
with a Stratasys PolyJet printer. The pedunculated polyp mold was a two part mold to enable its
opening for removal of the polyp.

Step 8: For dysplastic lesions, such as adenoma, two parts of Dragon Skin FX-pro (Smooth-On
Inc.) polymer were prepared by mixing parts A and B in a 1:1 ratio by weight. Then Dragon Skin
compounds were mixed in 1:10 ratio with glycerol to mimic dysplastic glands (98% Prolabo,
Paris) and with polydisperse charcoal particles to mimic scattering of a low grade lesions.
Step 9: Before curing, to enable attachment and testing of polyp removal, 3mm neodymium

magnets were inserted in the polyp and used to attach obtained phantoms to the PDMS layered
colonic wall.

Step 10: The healthy tissue base and polyps were colored using an airbrush tool and silicone-
based polymer (Psycho Paint resin pro, Smooth-On Inc.). A mixture of yellow, beige and red
pigments were used to simulate human tissue coloring, and Novocs solvent (200-500% wt,
Smooth-On Inc.) was used to lower viscosity and make the spraying process with a mini airbrush
compressor T-100 (KKmoon) easier. The Phantom was dried for 24 hours.
Step 11: Blood vessels were drawn on the phantom surface with a needle, on which a small

amount of Psycho Paint resin with a red-yellow mixture of pigments was applied.
Step 12: The phantom was wrapped to mimic colon circumference geometry, then inserted in

a plastic cage structure, which stabilized the lumen and added the aspect of colonic folds.

2.3. Optical properties and 3D thickness mapping

To confirm that the optical properties of the developed phantom have the correct attenuation
profile we measured an excised swine bowel in a custom built bench-top OCT system with an
Axsun 1310 nm engine. Averaged profiles of 50 A-lines were extracted using ImageJ software
for comparison between the attenuation profile of ex vivo swine bowel and the developed healthy
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Fig. 3. (a) Unfolded 23 cm by 23 cm colon phantom with cancerous insertions and benign
polyps (before blood vessels drawing). 3D-printed VeroWhite molds for (b) sessile and
(c) pedunculated polyp phantoms. (d) internal and (e) external views of the folded colon
phantom.

tissue phantom (Fig. 4). Average OCT intensity was calculated for each layer of both swine
bowel and phantom, then OCT intensity ratios between the submucosa/mucosa (S/M) and
submucosa/muscle layer (S/ML) were obtained.

Fig. 4. (a) Histology of a swine bowel tissue. OCT images and intensity plots of 50 averaged
A-scans of (b) swine bowel ex vivo and (c) phantom. Scale bar represents a physical size.

Two-dimensional B-scans and three-dimensional data of the various regions of the phantom
were acquired on the unwrapped phantom (Fig. 5). The 3D reconstructions of all lesion types
were obtained using ImageJ software. All OCT data presented in this paper represent physical
distances where refractive indices of 1.4 and 1.38 were taken into account for the phantom and a
swine bowel, respectively. Correction of refraction was especially crucial for cross-sectional
images of polyps where dome like structures caused artificial deepening of underlaying layers
[47].

To verify the precision of a thickness control using material volume, a 3D dataset (contains 300
frames) was acquired using the bench-top OCT system. A three-dimensional layer mapping for a
6 mm × 6 mm area (measured by top-view) was modeled for analysis of thickness distribution.
We developed an automatic layer segmentation algorithm to process the individual image, which
utilizes a path searching algorithm based on aline-segmentation [48,49] to segment the continuous
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Fig. 5. Volumetric rendering of 3D OCT data and cross-sectional OCT images of different
tissue types present in the phantom obtained with a custom benchtop imaging system and
compared with OCT images of corresponding tissue types obtained in human adapted with
permission from [50,54]. The volumetric data for the pedunculated polyp was acquired from
its side to better present its shape.

layer boundaries within each OCT frame. Following cropping of the area of interest we applied a
peak searching process [49] to find 4 peaks position at the leftmost A-line of the image, which
represent the starting points of a lumen contour and layer boundaries. After that the cropped
image is convoluted with an edge detection kernel to get an edge map [48]. Finally, by searching
four continuous paths on this edge map with determined starting points, the lumen contour
and layer boundaries are segmented. After applying the segmentation algorithm to this image
sequence, all segmented results were concatenated to show the relative boundary positions of the
three-dimensional reconstruction. All the algorithm codes were implemented with Python. The
OpenCV package was used to do filtering and pre-processing over the original OCT images. The
thickness map results are generated with Matlab software, and the 3D model is rendered with
ImageJ software.

2.4. Endoscopic OCT test of the colorectal cancer phantom

To test if the proposed method can be used to test safety and feasibility of novel devices and
their compatibility with a current standard of care we performed an endoscopic examination of
the phantom. The key question was if the phantom can be used for an endoscopic examination
similar to the standard of care procedure and to test the performance of an accessory imaging
device. As during the standard of care examination the endoscopist was asked to detect abnormal
lesions and render their diagnosis.

The OCT imaging system was connected to a custom built endoscopic OCT catheter. The low
profile OCT catheter with a custom built proximal scanning actuator build around a commercially
available rotary joint (Princetel) and a three layer driveshaft with an outer diameter of 0.9 mm
(Asahi Inc.) was used to obtain 2D OCT images. The near infrared light was side-focused just
outside of the plastic sheath with an outer diameter of 1.6 mm to a spot of 30 µm using a 0.26
mm ball lens (IDIL).
The OCT probe was inserted using a working channel of standard gastroscope (Karl Storz,

13821PKS, Sliver line) with illumination xenon light source, a video processor and a monitor
(Fig. 6). A gastroenterologist inserted the scope and explored various areas of the phantom
using endoscopic video side-by-side to OCT real-time images. Simultaneous recording of
white-light endoscopy and OCT videos was performed. The procedure included white-light
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endoscopy surface visual inspection and OCT probe contact sliding along the suspicious areas
performed by a gastroenterologist not familiar with the phantom fabrication process. Once
an abnormal lesion was detected visually in the endoscopic image, it was examined in greater
detail with the OCT probe. Based on an assessment of the shape (flat, depressed, or elevated)
and color (pale or reddened), superficial lesions phantoms were identified and characterized by
experienced endoscopists. Each polyp phantom was sequentially studied with the OCT probe for
differentiating hyperplastic, adenomatous and carcinomatous polyp phantom types by comparing
with Refs. [9–11].

Fig. 6. Thickness analysis of a 6mm by 6mm area of the phantom mimicking normal
tissue. (a) Segmentation of 2D OCT image with mucosa (M) in between blue and green lines,
submucosa (S) between green and red lines and muscularis layer (ML) between red and
black line. (b) Rreconstructed 3D view of automatically segmented layers and corresponding
2D thickness maps of mucosa (top), submucosa (middle) and muscularis layer (bottom).

To quantitatively analyze the performance of the endoscopic OCT, its noise, SNR and
contrast were compared to a bench-top images and OCT images from the colon obtained with
a commercialized endoscopic OCT for surveillance of the esophagus called Volumetric Laser
Endomicroscopy (VLE) [50]. For noise performance analysis, two 400×400 pixels windows
to select blank area without a tissue, and the region of interest (ROI) area which contains all
the 3 layers are used. We normalized all the images by the maximum value of ROI images.
We used background intensity mean-variance value Ivb as the amplitude of the overall noise, to
calculate the SNR value r by formula r= 20log(Im/Ivb), where Im is the max intensity of the ROI.
To calculate local contrast at different positions small rectangular windows of 100×50 pixels
are placed at lumen contour or layer boundaries [51]. Five rectangular windows are taken for
each lumen contour or layer boundary in each frame. The contour and boundaries divide the
operation windows into two parts, and 3×3 median filters are applied to these two parts separately
to remove speckle noise. Then the local contrast value S is calculated by S= | E1 - E2 | / (E1 -
E2)[52], where E1 and E2 are the mean intensity values of pixels above and below the lumen
contour or layer boundaries.

3. Results

3.1. Developed colon phantom

Figure 3 shows the developed colon phantom with inserted colorectal lesions. Using a large
mold, normal colon tissue with embedded flat cancerous insertions and benign flat polyps with a
size of 23 cm by 23 cm was achieved. The sessile and pedunculated polyps, developed using 3D
printed custom molds (Figs. 3(b) and 3(c)), can be inserted in any location of the phantom using
neodymium magnets placed on the outside of the phantom.
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Using an external plastic cage structure, the flexible tissue phantom was folded to create a
colon section (Figs. 3(d) and 3(e)). Shape and size of the phantom corresponds well with the
inflated descending part of the human colon during white-light endoscopy [53].

3.2. Optical properties and thickness distribution of a normal tissue phantom

The fabrication process of normal tissue involved layer-by-layer formation of PDMS films doped
with TiO2 [36]. The concentration of scatterers was adjusted to obtain corresponding contrast in
the tissue-mimicking phantom with concentrations of 0.2, 1 and 0.1%wt, for mucosa, submucosa
and muscularis layers, respectively. The cross-sectional OCT images of the normal tissue
phantom and excised swine bowel show good agreement with histology (Fig. 4). Comparison of
the intensity profiles of the phantom and the swine bowel shows the difference of 7% and 10% in
contrast between mucosa and submucosa layers, and submucosa and muscle layers, respectively.
The cross-section of a phantom wall with normal tissue characteristics (Fig. 5) can be also

compared to previously published OCT images from the human colon obtained with a balloon
based volumetric laser endomicroscopy catheter commercialized for intended use in the esophagus
(left) [50] and a forward viewing probe (right) [54]. Qualitatively, the layered architecture of
the phantom is comparable to the real tissue structure. The results published using a forward
viewing probe provide a unique comparison of a normal tissue to a hyperplastic polyp. As can
be seen, the hyperplastic tissue is very similar to the healthy tissue with the main difference in
thickness of the mucosa. The thickening of the mucosa in the phantom’s hyperplastic polyp can
be clearly observed on the cross sectional OCT image and 3D reconstruction (Fig. 5). The lack
of layered architecture with higher surface reflectivity and presence of glandular structures are
typical features used for identification of abnormal lesions. An exemplary OCT cross-section of
a sessile adenoma phantom polyp shows multiple glandular structures created by the addition of
the glycerol. Such structures can be also observed in OCT image obtained with a VLE catheter
from a polyp with high-grade dysplasia. The developed pedunculated polyp, on the other hand,
has a lack of layering but no visible glands, which is similar to a VLE example of a tubulovillus
adenoma. A VLE image of a cancerous tissue shows lack of layered structure and visually higher
scattering at the surface that decreases intensively with depth. Similar image features can also be
observed in the OCT cross-section of the flat cancerous lesion inserted in the phantom wall.

To test thickness accuracy of the proposed thickness control method based on material volume
a randomly selected 6mm × 6mm area of the normal tissue was imaged with the bench-top
OCT system. Using the developed automatic segmentation software, the boundaries of all layers
were identified (Figs. 6(a) and 6(b)). The layer thicknesses were quantified and represented in
thickness maps (Figs. 6(c)–6(e)) to show layer thickness distribution. Varying thickness can be
observed across the imaging area of the first and the third layer. The thickness of the first layer is
uniformly increasing from 640 µm to 720 µm, and the thickness of the third layer is decreasing
from 700 µm to 550 µm, which can be attributed to small tilt of the mold during PDMS curing
process. The middle layer, representing submucosa, has a thickness of 150± 10 µm. Mold tilt
did not effect this layer thickness distribution significantly due to surface tension and the high
viscosity of PDMS.

3.3. Endoscopic OCT test of the colon phantom

The first part of this study was focused on accurate emulation of mechanical properties of the
phantom. To achieve a good maneuverability of the endoscope the colon phantom was attached
to a plastic box with endoscope insertion entry as shown on Fig. 7(a). The endoscopic probe with
an OCT catheter in a working channel (Fig. 7(b)) was inserted in a colon phantom (Fig. 7(c)).
Retroflexion inside the phantom obtained with a 150° turn of the endoscope end is shown in
Fig. 7(d) for demonstration of size correspondence of the phantom to a real organ. To mimic the



Research Article Vol. 12, No. 2 / 1 February 2021 / Biomedical Optics Express 964

presence of mucus, coconut oil was applied to the phantom surface to lower the friction of the
endoscope and allow smooth sliding along the phantom wall for continuous scanning.

Fig. 7. White light endoscopy and OCT examination of the colon model. (a) External view
of the assembled colon phantom. (b) Picture of the OCT catheter inserted in the working
channel of the endoscope. (c) Internal view of phantom with visible lesions and folds during
retroflexion examination inside the phantom obtained with a 150° turn of the tip of the
endoscope. Endoscopic images and corresponding OCT cross-sections of (d) healthy tissue
with layered architecture of mucosa (M), submucosa (S) and muscular layer (ML), (e) non
neoplastic mucosal growth phantom, representing a benign lesion with visible thickening of
the mucosa (yellow arrows), (f) pedunculated polyp phantom, and (g) flat cancerous tissue
(CT) on the left, next to the healthy tissue (HT) sessile.

Using white light video, the OCT catheter was placed close to various areas of the phantom
surface to obtain the images. The pink colonic wall of the 23 cm long segment with added dark
red vessel like structures can be observed in Fig. 7(c). Healthy colon tissue phantom is presented
in Fig. 7(d). Similar to benchtop OCT images, it is a layered structure, consisting of mucosa,
submucosa and muscle layer, with different scattering coefficients [55]. In another location of
the phantom a hyperplastic polyp can be seen as an elevated area in the white light endoscopy
image (Fig. 7(e)). A corresponding OCT cross-section shows thickening of the mucosa with no
disruption to the continuity of the undelaying submucosa layer. An exemplary endoscopic image
of the pedunculated sessile polyp (Fig. 7(f)) shows irregular scattering distribution throughout
the volume of the polyp with no internal layers. The 3D printed pedunculated and sessile polyps
can be attached in any locations of the lumen by placing a neodymium magnet on the outside of
the phantom. The flat, malignant, and most suspicious dysplastic lesion is shown on Fig. 7(g).
The surface layer of such tissue has higher scattering that decreases in bulk with no evidence
of layered structure. Such visual characteristics of high tissue reflectivity has been previously
reported in experimental studies of optical properties of malignant tissues and OCT imaging
since it has less collagen than is present in normal tissue [9,50].
We also used the phantom to provide quantitative analysis of the imaging performance of

the custom endoscopic OCT device, which we compare to bench-top images of the phantom
and human colon images obtained with a commercially available VLE catheter (Fig. 8). As
can be seen in Fig. 8 the custom catheter has the highest background intensity, and the highest



Research Article Vol. 12, No. 2 / 1 February 2021 / Biomedical Optics Express 965

background noise. The benchtop mode has the lowest background intensity and derivation. The
higher noise in both custom and commercialized catheters can be attributed to larger number of
artifacts caused by backreflection from the micro-optics and the sheath. The custom catheter
has the lowest SNR value of 26.85 dB, whilst the benchtop images has the highest SNR value
of 39.93 dB. As can be expected, the contrast between the mucosa and submucosa layers, and
submucosa and muscle layers is lower than the contrast between the air and the top mucosa layer,
no matter what device is used for scanning. Nevertheless, the bench top images show better
contrast than the other two devices, especially for the third boundary, which can hardly be seen in
catheter images (with a contrast rate of 0.32). Detailed statistical information is given in Table 1.

Fig. 8. Image quality analysis showing: (a) background intensity distribution, (b) SNR
and (c) local contrast of the OCT phantom images obtained with the custom catheter and a
bench-top mode, compared to OCT images of the human colon from a commercial volumetric
laser endomicroscopy (VLE).

Table 1. Image quality comparison

Custom catheter &
phantom

VLE & human
colon [50]

Custo bench top &
phantom

SNR 26.85dB 33.97dB 39.93dB

Lumen contour contrast rate 0.628± 0.048 0.845± 0.008 0.976± 0.004

L1(top layer) vs L2 contrast rate 0.361± 0.203 0.269± 0.103 0.507± 0.330

L2 vs L3 contrast rate 0.328± 0.261 0.429± 0.123 0.810± 0.374

4. Conclusions

In this work an OCT phantom of a human colon with realistic optical properties was obtained, as
well as the morphology of healthy tissue and lesions typical for colorectal cancer. This phantom
may serve as a convenient tool to evaluate and standardize OCT image quality and measurement
accuracy. Such a performant standardization can lead to improved performance of measurements
from clinical and research OCT devices, thus enhancing reliability of diagnostic decisions and
facilitating the development of innovative diagnostic technologies.

We propose here a simple method for thickness control based on volume control. This method
is less precise than previously proposed methods but enables development of a larger phantom.
In addition, as it was shown in previous studies that mucosal/submucosal thickness may vary
through specimen length and also from healthy to pathological stages [6]. There is a thickness
distribution with tolerance bar range of 50-100 µm.
We used 3D printing for phantom polyp molds to mimic real shapes and sizes. To enable

placement of polyps in various locations and their removal, training magnet mounts were used to
attach the phantom polyps to the flat bowel-mimicking phantom.
One limitation of this study is the use of animal tissue to model the layered distribution of

the healthy tissue. However, swine’s digestive system is the closes model to the human and is
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commonly used in imaging procedures, as well as for testing of novel surgical treatment options.
It is important to mention that the proposed method of the development of the large geometry
optical phantom is very versatile and both thickness and scattering properties can be easily
adjusted making it a suitable method for the development of phantoms of different organs. We
also present only one type of sessile and one type of pedunculated polyp, but different polyp
morphology, as well as morphology typical for other diseases, can be easily obtained using CAD
software and rapid prototyping that typically has precision of few hundred microns.

The continued advancement of novel optical imaging technologies for improved diagnosis of
colorectal cancer depends upon the development of reproducible and reliable phantoms. New
large organ phantoms fabrication strategies that can better mimic the structure, surface topology
and optical properties are necessary. This research will assist in efforts to design such phantoms,
which could then form the basis for verification tests and durable, transferable standard imaging
targets for OCT and other optical imaging technologies.
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